Streptococcus pyogenes, bearing M-protein on its surface, resists opsonization by normal human serum and subsequent phagocytosis by human polymorphonuclear leukocytes. Previous studies have shown that M-protein positive organisms are poorly opsonized by the alternate pathway of complement. In an attempt to define further the role of the surface components of S. pyogenes in this process, we examined the ability of clindamycin, an antibiotic that inhibits protein biosynthesis, to alter bacterial opsonization.
A B S T R A C T Streptococcus pyogenes, bearing Mprotein on its surface, resists opsonization by normal human serum and subsequent phagocytosis by human polymorphonuclear leukocytes. Previous studies have shown that M-protein positive organisms are poorly opsonized by the alternate pathway of complement. In an attempt to define further the role of the surface components of S. pyogenes in this process, we examined the ability of clindamycin, an antibiotic that inhibits protein biosynthesis, to alter bacterial opsonization.
An M-protein positive strain of S. pyogenes was grown in varying concentrations of clindamycin at levels lower than those which inhibited growth, i.e., at levels less than the minimal inhibitory concentration. These bacteria were incubated with purified human polymorphonuclear leukocytes and peripheral blood monocytes. Significant enhancement of bacterial opsonization, phagocytosis, and killing resulted. Measurement of complement consumption and binding of the third component of complement (C3) onto the bacterial surface demonstrated that organisms grown in the presence of clindamycin activated complement more readily and fixed more C3 on their surface. Electron microscopy revealed the probable basis for these findings. Streptococci exposed to clindamycin during growth were largely denuded of surface "fuzz," the hairlike structures bearing M-protein.
We conclude that the incorporation of clindamycin at concentrations that fail to inhibit growth of S.
INTRODUCTION
The effects of low concentrations of antimicrobial agents on bacteria in vitro have been recognized for several decades. Gardner (1) showed that Clostridium perfringens formed elongated unsegmented filaments in the presence of penicillin in concentrations below the minimal inhibitory concentration (sub-MIC).1 Similar changes were seen with gram-negative bacilli, whereas Staphylococcus aureus and Streptococcus pyogenes cells became enlarged, with imperfect or incomplete fission. Since then there have been numerous reports of the structural effects of antibiotics on a variety of bacteria, and these have recently been reviewed by Lorian (2) . In other studies, sub-MIC levels of antibiotics have been shown to interfere with adherence of bacteria to epithelial cell surfaces (3, 4) and to enhance the bactericidal activity of human serum (5) . The significance of these in vitro effects of sub-MIC levels of antibiotics on interactions between bacteria and the human host is not fully understood.
For S. pyogenes, preliminary evidence has indicated that its virulence can be modified by sub-MIC of certain antibiotics (6) cluding the streptolysins 0 and S and DNAase) are inhibited when streptococci are grown in the presence of clindamycin or lincomycin, but not when exposed to chloramphenicol, erythromycin, or penicillin. In addition, the expression of the surface antigens M and T proteins was reduced in the antibiotic-exposed organisms. In subsequent studies (7) , sub-MIC levels of clindamycin and lincomycin were shown to enhance phagocytosis of S. pyogenes by polymorphonuclear leukocytes (PMN).
S. pyogenes strains that possess cell-surface M-protein have long been known to resist phagocytosis (8) , and recent studies suggest that the antiphagocytic characteristic of M-protein may be related to its ability to inhibit bacterial opsonization by the serum complement system (9, 10) . In the present investigation we used sub-MIC levels of clindamycin to alter the streptococcal surface and thereby to examine the hypothesis that M-protein inhibits opsonization by interfering with The MIC of clindamycin HC1 was found to be 0.05 ,ug/ml for S. pyogenes S43 as determined by a tube dilution method (12) . The following concentrations of clindamycin were chosen for study: 1/2, 1/4, and 1/40 of the MIC. These drug concentrations were incorporated into 10-ml amounts ofTHB containing [3Hjthymidine, inoculated with 0.5 ml of streptococcal culture, and incubated for 4 h at 370C. The bacteria were collected and washed as previously noted.
Opsonic sources and opsonization procedure. Serum from a single healthy donor who lacked anti-S. pyogenes M6 antibodies was used throughout this study. Serum was stored in 1.0-ml portions at -70°C. Heat-inactivated serum was prepared by heating thawed serum at 56°C for 30 min. Normal and heat-inactivated sera were diluted in Hanks' balanced salt solution containing 0.1% gelatin (gel-HBSS) to a final concentration of 10% before use.
Bacteria were opsonized before use by incubating 0.1-ml portions of bacteria at 37°C in polypropylene vials (Bio-vials, Beckman Instruments Inc., Fullerton, Calif.) containing 1.0 ml of the desired opsonic source for 15 min followed by centrifugation at 4,000 g for 15 min (4°C). The supernate was discarded, and the bacterial pellet was resuspended in 1.0 ml gel-HBSS for phagocytosis experiments.
Preparation of phagocytic cells. Blood was drawn into heparinized syringes (10 U heparin/ml blood) and 10-ml volumes of this blood were then mixed with 3 ml 6% dextran 75 in 0.9% sodium chloride (Travenol Laboratories, Deerfield, Ill.) in 16 x 150-mm plastic tubes (Bio-Quest, BBL Microbiology Systems, Becton, Dickinson & Co., Cockeysville, Md.) and allowed to gravity-sediment at ambient temperature for 45-60 min. After sedimentation, the leukocyte-rich plasma was removed with a pasteur pipette, and 8 ml of this suspension was carefully layered onto 3 ml Ficoll-Isopaque (LSM, lymphocyte separation medium, Litton Bionetics, Kensington, Md.). After centrifuging at 200 g for 30 min, the mononuclear cell layer was removed with a pasteur pipette. Purified MN were then prepared by the method of Ackerman and Douglas (13) . First, 20-50 x 106 mononuclear cells were suspended in 20 ml medium 199/20% fetal calf serum, and introduced into 75-cm2 Falcon tissue culture flasks that had been prepared as follows: baby hamster kidney cells (American Type Culture Collection, Rockville, Md.) were grown to confluence (usually 4-6 d after passage), and then detached with 10 mM EDTA in phosphate-buffered saline (PBS) followed by vigorous rinsing of the flask to remove all baby hamster kidney cells, leaving behind an extracellular microexudate (14) . Following introduction of the MN into the microexudate-coated flasks, the flasks were incubated at 37°C in an atmosphere of 5% CO2 for 45 min to allow MN to attach. Nonadherent cells, primarily lymphocytes, were then decanted, and the flasks were rinsed with three changes of PBS, pH 7.4, prewarmed to 37°C. MN were detached by addition of 3.5 ml each of 10 mM EDTA/ PBS and medium 199/20% fetal calf serum and incubation at 37°C (5% C02) for 15 min. The flasks were then removed from the incubator and shaken vigorously, after which the detached MN were decanted into 17 x 100-mm plastic tubes (Bioquest). The flasks were then rinsed vigorously once with 5 ml of 199/20% fetal calf serum, and this rinse was also transferred to the aforementioned tubes. These tubes were then centrifuged for 10 min at 160 g; the MN pellet was washed twice with gel-HBSS, and the cells were counted and resuspended to a final volume of 5 x 106 MN/ ml gel-HBSS. Light microscopic observation of these cells generally revealed >95% purity and >90% viability as assessed by trypan blue exclusion. Following removal of adherent MN, the microexudate flasks were rinsed three times with PBS and stored, containing 10 ml of 10 mM EDTA/PBS at 4°C, for reuse.
To obtain purified PMN, a previously described method (15) was used, with minor modifications. Briefly, the remaining medium from the Ficoll-Isopaque separation tubes was withdrawn and discarded, and the residual erythrocytes were subjected to cold hypotonic lysis, followed by centrifugation of this PMN-lysed erythrocyte suspension for 10 min at 160 g. The PMN pellet was then washed an additional two times with gel-HBSS before quantification and resuspension to a final concentration of 5 x 106 PMN/ml gel-HBSS. Contamination by MN was evaluated by Wright-stained smears and generally did not exceed 1-2%. Cell viability, as assessed by trypan blue exclusion, was generally >90%. 1250 Gemmell et al.
Phagocytosis mixtures and assays. Phagocytosis was determined by modification of a previously published method (16) . Briefly, 0.1 ml from a suspension of opsonized of nonopsonized bacteria was added to duplicate polypropylene vials followed by the addition of 0.1 ml of the appropriate phagocytic cell type. The vials were then incubated for 5, 15, and 60 min at 37°C in a gyrotory shaker incubator (New Brunswick Scientific Co. Inc., Edison, N. J.) at 250 rpm. Most experiments were carried out using a 10:1 cfu to phagocyte ratio. In one experiment, ratios of 10, 100, and 200 cfu to one phagocyte were used.
Immediately after removal from the incubator at the indicated times, the duplicate sets of vials were separated, and to one set of vials was added 3.0 ml of ice-cold PBS, and to the second set 2.0 ml of scintillation liquid (Aquasol-2; New England Nuclear, Boston, Mass. was added. Radioactivity in this second set of vials, representing the total bacterial population, was counted using a Beckman LS-7500 liquid scintillation counter (Beckman Instruments, Inc.). Phagocyte-associated radioactivity was determined using the first vial from each duplicate set by washing the phagocytic cells three times in cold PBS by differential centrifugation at 160 g (4°C). The final phagocytic cell pellets were resuspended in 3.0 ml of scintillation liquid and were counted in the liquid scintillation counter. All experiments were repeated on at least 3 separate d with phagocytes from different normal donors. The uptake of bacteria by PMN or MN at a given sampling time was calculated with the following formula: % uptake = (cpm in washed phagocytic cell pellet/ total cpm) x 100.
Morphologic evaluation of phagocytosis. Phagocytosis was routinely assessed visually by examination of Wrightstained smears of phagocytic cells incubated with either opsonized or nonopsonized bacteria. Smears were made from phagocytic mixtures, which were constituted as indicated above, by removing a 50-Sl sample from each vial after the defined incubation period, and adding it to a chamber of a Shandon Elliott Cytocentrifuge (Shandon Scientific Co. Ltd., London, England). The samples were then centrifuged for 3 min at 750 rpm, and the slides were removed, air dried, and stained with Wright's stain. Microscopic examination was done under oil immersion.
Bactericidal assay. Bacterial killing was measured by constituting mixtures as for the phagocytosis assay above and determining cfu at specific incubation times. Three sets of vials were made up for each assay, one to be sampled immediately upon addition of phagocytic cells (zero time), and the other two to be sampled at 15 and 60 min. Volumes of 0.1 ml of opsonized or nonopsonized bacteria were added to each vial, followed by the addition of 0.1 vol of the appropriate phagocytic cells. Then, following the desired incubation interval (0, 15, or 60 min), 1.0 ml of cold sterile water was added to each vial; the vials were mixed thoroughly, and appropriate dilutions were made. Samples from these dilutions were added to sterile petri dishes to which 10 ml of nutrient agar had already been poured and solidified followed by the addition of 10 ml nutrient agar containing 5% horse blood, and the culture was mixed well. After overnight incubation at 37°C, cfu were counted. The percent change in colony counts at 15 and 60 min, relative to cfu at zero time, was calculated. These experiments were performed on at least 3 separate d using phagocytic cells from three different donors.
Electron microscopy. Washed bacteria were exposed to 2% glutaraldehyde in PBS buffer, pelleted by centrifugation, and washed three times with distilled water. Portions of each aqueous suspension were spread on 8-mm glass discs and allowed to air dry. The discs bearing dried bacteria were cemented to stubs, sputtered with gold, and examined by scanning electron microscopy. Representative photographs were taken.
The remainder of each aqueous suspension was collected by centrifugation, and the bacterial pellet was resuspended in wann 1% agar contained in warm, conical centrifuge tubes. These tubes were immediately spun in a centrifuge to allow the bacteria to be pelleted before the agar hardened. The resulting agar-embedded bacterial pellet was minced and processed through osmium tetroxide fixation, dehydration, and final Epon 812 resin embedment. After curing, these blocks were sectioned, stained with uranyl acetate and Reynolds lead nitrate, and examined in a Philips 201 transmission electron microscope (Philips Electronic Instruments Inc., Mahwah, N. J.). In photographing these specimens the principal area of interest was the bacterial surface. Proper exposure to see the surface usually resulted in overexposure of the bacterium itself.
Measurement of complement activation. 0.1-ml samples of bacteria at specific concentrations, grown in the presence of clindamycin, or in its absence (control) were added to polypropylene vials containing 1 ml of the indicated serum source. After incubation for 15 and 60 min in the incubator shaker (250 rpm, 37°C), the vials were centrifuged at 2,000 g for 15 min (4°C), and the supernates were stored at -70°C until measurement of complement components C3-9 (17, 18) . Haemolytic cellular intermediate EAC14 was prepared according to a previously described method (19) . Test samples were serially diluted from 1/20 to 1/640 in 0.01 M EDTA-gelatin-glucose-Veronal buffer without magnesium and calcium. 1 ml of 0.01 M EDTA-gelatin-glucose-Veronal buffer was added to 1.0 ml of each dilution of test samples. EAC142 were obtained by incubation of EAC14 with guinea pig complement (C2) for Tmax at 30°C, and 1.0 ml EAC142 (5 x 107/ml) was then added to each tube. After incubation at 37°C for 60 min, 4.5 ml of cold normal saline was added, and the tubes were centrifuged. The optical density of the supemates was read at 412 nm, and results were expressed as 50% lysis. Appropriate controls and complete blanks were run simultaneously.
Staining of bacteria with fluorescein-conjugated anti-C3 antibody. 0.1-ml samples (107 or 108 cfu) of S. pyogenes, grown in the presence or absence of clindamycin at various sub-MIC levels, were individually added to polypropylene vials containing 1.0 ml of normal serum, heat-inactivated serum, or gel-HBSS. After incubation at 37°C in the incubator shaker (250 rpm) for 15 and 60 min, the vials were centrifuged at 2,000 g for 15 min (4°C). The bacterial pellets were then washed three times with cold PBS. From the final bacterial pellets 5-,lI samples were taken, deposited on glass slides, and air dried at room temperature. These bacterial preparations were then stained with fluorescein-conjugated monospecific antiserum to human C3, and the slides were examined under an immunofluorescence microscope.
RESULTS
Phagocytosis of S. pyogenes S43 grown in the presence and absence of clindamycin. After incubation of the different suspensions of bacteria (grown in the presence and absence of various sub-MIC levels of clindamycin) in 1 ml normal serum, heat-inactivated serum, and gel-HBSS, phagocytosis mixtures were constituted, and uptake by PMN and MN was measured at 3, 10, and 15 min (Fig. la and b Fig. 2a and b) .
Complement activation by S. pyogenes grown in the presence and absence of clindamycin. To study the capacity for complement activation of S. pyogenes grown in the presence and absence of clindamycin, bacteria were incubated in normal serum at a concentration of 108 cfu/ml of serum for two time-intervals (15 and 60 min). After centrifugation, the haemolytic titer of C3-9 was measured in these sera and in simultaneous controls (normal serum incubated with an equal volume of distilled water for the same time intervals). Consumption of C3-9 in the sera incubated with bacteria was expressed as a percentage relative to the C3-9 levels in the control sera. A clear time vs. C3-9 consumption relationship was established for both the drug-grown and control streptococcal suspensions. Bacteria grown in the presence of clindamycin were capable of greater complement activation than control organisms (Table I) . Drug-grown (1/2 MIC) streptococci consumed 31% of the available complement compared with 19% consumption by bacteria without drug. The differences were more apparent when the bacteria were incubated for 15 min (the time used for opsonization prior to use in the phagocytosis experiments) than when incubation was continued for 60 min. The human serum was used at a concentration of 10% in gel-HBSS to opsonize 1 x 108 cfui S. pyogenes in each part of the experiment.
and the control (no drug present) streptococci individually in 1.0 ml of normal serum, heat-inactivated serum, or gel-HBSS, the bacteria were washed, stained with fluorescein-labeled anti-C3 antibody, and examined. Whereas none of the bacterial specimens stained positively after incubation with heat-inactivated serum or gel-HBSS, both drug-grown and control bacteria showed some staining after incubation in normal serum (Table II) . However, a clear difference in intensity of staining was observed with the druggrown streptococci compared with the control organisms, indicating that the greater activation of the complement system corresponded to the increased fixation of C3 at the cell surface. Ultrastructural appearance ofstreptococci grown in the presence and absence of clindamycin. 4-h cul- tures of S. pyogenes were used as source material for the investigation of the fine structure of the organisms. Using the scanning electron microscope, significant morphological changes were seen in the streptococci grown in the presence of clindamycin. Although chain length was not generally different, swollen cells, shrunken cells, and elongated cells were characteristic of the drug-grown organisms, especially when clindamycin was incorporated at 1/2 MIC. Fewer such cells were present (but still approaching 50% of the population) in the culture grown in 1/4 MIC of the drug (Fig. 3) .
Thin sections of these preparations of bacteria as viewed under the transmission electron microscope also revealed significant differences between the drug-grown and control bacteria (Fig. 4) . The surface "fuzz," which contains M-protein (8, 20) , can be seen on the streptococci grown in the absence of clindamycin. This layer was essentially absent in the bacteria grown in the presence of 1/2 MIC clindamycin and partially present in those grown in 1/4 MIC. Such changes in cellular ultrastructure suggest that Mprotein is absent in drug-grown bacteria.
DISCUSSION
Earlier studies (7) had shown that clindamycin, in contrast to several other antibiotics which affect bacterial protein synthesis, can impair the antigenicity of S. pyogenes in vitro and that such organisms are more readily phagocytosed by PMN. This effect was seen when clindamycin was incorporated into culture media at concentrations below those that inhibited growth of the organism. Our study has sought to investigate more closely how these alterations could affect the interaction of streptococci with phagocytic cells.
Phagocytosis by highly purified populations of human PMN and MN was quantified using preopsonized [3H]thymidine-labeled bacteria. Our results have shown that growth in sub-MIC levels of clindamycin potentiates the susceptibility of S. pyogenes S43, an M-protein-containing strain, to phagocytosis by both cell types, and that this effect is related to enhanced opsonization of these organisms by serum complement. The degree of potentiation was related to the level of antibiotic incorporated in the growth medium. Clindamycin at 1/2 and 1/4 MIC was more effective than at 1/40 MIC. Bacteria grown in the presence of clindamycin were also killed more readily by both PMN and MN, with survival rates of 25 and 30%, respectively, compared with 60 and 52% for bacteria grown in the absence of the drug.
Ultrastructural studies using both scanning and transmission electron microscopy revealed that streptococci grown in the presence of clindamycin were changed morphologically and had greatly diminished (6) had previously shown that clindamycin-exposed streptococci had significantly reduced amounts of M- protein. These ultrastructural changes in the drugexposed organisms could explain their greater capacity to activate serum complement and to bind the opsonically active fragment of C3, i.e., C3b (21) , to their surface. These findings are consistent with previous studies, which have shown that in contrast to M-protein positive strains, M-protein negative variants are readily opsonized by the alternate pathway of complement (9, 10) .
Although the main therapeutic effect of antibiotics 1254 Gemmell et al. in vivo is undoubtedly related to their ability to inhibit growth and/or to kill bacteria directly, the results of this study and the work of other investigators (22, 23) suggest that even at sub-MIC levels, certain antibiotics might indirectly decide the fate of microorganisms by enhancing their uptake by phagocytic cells of the host. Recently, Ofek et al. (24) investigated the effects of sub-MIC of both penicillin and streptomycin on the ability of growing or resting phase bacteria to adhere to oropharyngeal epithelial cells. With resting phase bacteria, the addition of penicillin resulted in diminished adherence of S. pyogenes, and this was associated with a loss of lipoteichoic acid, which normally binds S. pyogenes to specific receptor sites on the epithelial cell. Like M-protein, lipoteichoic acid is found in the surface "fuzz" of S. pyogenes (8) . Given the ultrastructural changes brought about by growth in sub-MIC levels of clindamycin that we observed in the present study, it is possible that this Clindamycin and Phagocytosis of Streptococcus pyogenes important mechanism in the pathogenesis of group A streptococcal infection might also be significantly altered.
